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1,2 However, the high cost of such a room represents a major economic obstacle for the widespread application of magnetocardiography. Therefore, MCG gradiometer systems operating in unshielded environment would be highly desirable.
High-temperature superconductor ͑HTS͒ SQUID gradiometers of adequate sensitivity ͑magnetic field resolution͒ and good disturbance rejection could offer a lower system and operating cost than their low-temperature ͑LTS͒ equivalents. Until present, first-and second-order HTS SQUID gradiometers, measuring axial or tangential fields, were demonstrated and MCG data recorded without magnetic shielding. [3] [4] [5] In these measurements, low-pass filters with a cutoff frequency of below 30 Hz were used to reduce the power line interference at 50 Hz, or a 60 Hz notch filter was used. 5 However, the frequency components of the MCG higher than 50 and 60 Hz contain significant information. 2, 6 For clinical diagnostics, a MCG system has to have a bandwidth wider than 100 Hz, so that further development is warranted. Electrocardiographic ͑ECG͒ instruments have bandwidths of 100 Hz or more.
In addition, a diagnostically meaningful map of magnetic field above the patient's chest has to be constructed of many sensing points ͑e.g., arranged in a 6ϫ6 grid͒. Hence, a sufficient long-term stability of measurement is required if sequential mapping is necessary. This is especially critical when using a single measuring point system. In this case, mapping can take, typically, about 40 min.
In this letter, we present an improved second-order HTS SQUID gradiometer addressing the requirements listed above. To demonstrate the diagnostic relevance of this system, 6ϫ6 point field maps of healthy subjects were then recorded in unshielded environment.
We developed earlier HTS radio-frequency ͑rf͒ SQUIDs integrated with HTS coplanar resonators on 1 cm 2 substrates. Their field resolution can be less than B N ϭ30 fT/ͱHz at liquid nitrogen temperature, virtually adequate for diagnostic MCG. 7 On the basis of these SQUIDs, we constructed our second-order gradiometer ͑SOG͒. Below, we shall focus on the SQUID system technique related to MCG measurements.
Several SQUID magnetometers were first characterized in terms of flux noise inside a magnetically shielded cylinder. Of these, three SQUIDs of very similar performance were selected. Their average characteristics are listed in Table I . These SQUIDs were inserted in a sample holder in an axial arrangement at baseline distances of 7.5 cm, to form a symmetric electronic gradiometer of second order. Figure 1 shows various magnetic spectra recorded with the magnetometer ͑one SQUID͒, and SOG. Trace ͑a͒ in Fig.  1 shows the spectral density of the background magnetic field disturbance measured by the magnetometer in our laboratory. It is seen that the disturbance is much higher than the spectrum of the heart signal shown as trace ͑b͒, even if the signal of the power line is not taken into account.
In trace ͑b͒, one sees that the heart signal is strongest at frequencies below 40 Hz. As the frequency increases to 100 Hz, the spectral density drops rapidly, down to the SOG white noise level of 130 fT/ͱHz shown in trace ͑c͒. For different patients, the maximum amplitudes of MCG spectra may shift to higher or lower frequencies.
Trace ͑d͒ is the noise of the magnetometer measured inside magnetic shielding. Electronic combination of outputs of the three magnetometers, A, B, and C, gives the SOG output ͑AϪ2BϩC͒. According to the theory of noise summation, the total noise of the SOG should be ͱ6 times the noise of a single magnetometer in shielding, if the noise of the three SQUIDs is identical. 8 This value can be regarded as the ultimate goal for an optimized gradiometer in an unshielded environment. By comparing trace ͑c͒ with trace ͑d͒, one sees that the performance of the SOG is close to this expected limit. Without shielding, the noise of each of the three magnetometers has increased above the spectrum ͑d͒, but not dramatically.
We performed electronic balancing by adjusting the relative output amplitudes of the three magnetometers via potentiometers ͑before subtraction͒. The common mode rejection ͑CMR͒ of a homogeneous axial field was measured to be about 10 4 in a pair of Helmholtz coils with a diagonal of 2.8 m, without any auxiliary mechanical adjustment. The optimum balance obtained in a homogeneous field may not always result in the lowest noise for the system in unshielded environment. Therefore, we adjusted the system to minimum noise at low frequencies, as shown in trace ͑c͒ of Fig. 1 , despite the worse CMR values of only about 10
3 . This adaptive adjustment procedure was carried out at the measurement location and fixed position of the instrument, to account for the given disturbance environment.
We found that, in our laboratory, the peak-to-peak value of 25 nT of the power line frequency ͑50 Hz͒ in the output of both magnetometers was reduced to 520 pT in the output of the first order gradiometer ͑FOG͒, i.e., by about a factor of 50. This is still much higher than the typical peak value of the heart signal, about 100 pT. By adaptively optimizing the SOG, the peak-to-peak value of the 50 Hz source could be further reduced to about 4 pT. The output of the SOG was then dominated by 150 Hz disturbances. This frequency is higher than the upper bound of the heart signal spectrum, as seen in trace ͑b͒ of Fig. 1 , and can be easily filtered out. A low-pass filter with a cutoff frequency of 130 Hz was employed to suppress the disturbances of the third and higher harmonics of 50 Hz.
The 50 Hz component, however, is inside the frequency band of the heart signal. If the 50 Hz amplitude in the output of the gradiometer is still too high, the application of the 50 Hz notch filter could reduce the interference, but it causes a distortion of the signal. The main adverse influence of such a filter is an oscillation after the QRS complex in the MCG trace. The effect of notch filters with different quality factors Q is shown in Fig. 2 . In comparison with the MCG signal measured without any 50 Hz notch filter ͓Fig. 2͑a͔͒, a high Q notch filter results in a comparatively low loss of the signal component, but it leads to a pronounced oscillation ͓Fig. 2͑b͔͒. When the quality factor is reduced, the oscillation disappears, but the contribution of components in the vicinity of 50 Hz is also suppressed. One sees that the peak of the QRS complex is reduced to about 60% ͓Fig. 2͑c͔͒. We also studied digital filtering via software with high Q values. This resulted in oscillations before and after the QRS complex ͓Fig. 2͑d͔͒. This effect may be due to time delay. The filtering experiment confirmed that the 50 Hz notch filter should be avoided to prevent the distortion of the measured data. Indeed, ECG instruments usually operate without a 50 Hz notch filter.
The real-time MCG traces of two persons, measured without the 50 Hz notch filter in a frequency bandwidth of about 130 Hz, are shown in Fig. 3 . The signal-to-noised ratio ͑S/N͒ is about 25. Not only the the QRS complex, but also the T wave can be clearly seen in the real-time signal. Unfortunately, this signal-to-noise ratio is still not sufficient for medical analysis, so that in diagnostic measurements some averaging would be necessary. A lower noise floor, of 30 fT or less, would make averaging less mandatory.
To demonstrate the potential of the system for clinical use, a 36-point mapping above the chest ͑6ϫ6 rectangular grid with spacing of 4.0 cm͒ was carried out. The scanning over the 36-point map took about 40 min for our single sensor. Over that time period, the system provided a stable output without any reset or readjustment. Throughout the whole MCG mapping time, the system reduced the 50 Hz disturbance to a few pT. To increase the signal-to-noise ratio, we performed averaging while triggering with the ECG signal, which was recorded simultaneously. Figure 4 demonstrates a time-domain map of the heart signals. The traces were obtained by averaging 50 times. The signal-to-noise ratio is about 300 at point E4. Such averaged traces can form the necessary data base for medical analysis.
To summarize, we have developed an electronic secondorder axial HTS SQUID gradiometer, which enables us to perform MCG measurements without magnetic shielding in a frequency band up to 130 Hz. It has a white noise of 130 fT/ͱHz, and a high spatial resolution due to the small size of the SQUIDs. For the first time, a 36-point MCG mapping has been recorded by using an HTS SQUID gradiometer in an unshielded environment. This demonstrates the relevance of the gradiometer for MCG diagnostics. Future work should aim at an effective solution for third-order gradiometry needed in very noisy hospital environments, and suitable for multichannel systems. One should also aim at still lower SQUID noise floor ͑higher S/N͒, and reduction of 1/f noise. Ultimate multichannel MCG systems will then ensue. 
